We have previously recorded a decreased oxygen tension and blood flow in syngeneically transplanted rat pancreatic islets. The present study related measurements of oxygen tension and blood flow to the vascular density in such grafts implanted beneath the renal capsule. We also evaluated whether transplanted fetal islets are better revascularized than adult islets, and if the degree of revascularization is directly related to the islet vascular endothelial growth factor (VEGF) production. Tissue pO 2 was measured using Clark microelectrodes, whereas islet graft blood flow was measured with laser-Doppler flowmetry. The vascular density of endogenous and transplanted islets was quantified in histological specimens stained with the lectin Bandeiraea simplicifolia (BS-1). Tissue pO 2 in the transplanted adult and fetal islet grafts was similar and markedly lower than in the endogenous islets. The blood perfusion of both the adult and fetal islet grafts was 60-65% of that in the renal cortex. Administration of D-glucose did not affect tissue pO 2 in either the endogenous or transplanted islets, nor graft blood perfusion. The number of capillaries found in the transplanted adult and fetal islets was similar and markedly lower than in endogenous islets. However, in the connective tissue stroma, which constituted ϳ20% of all islet grafts, the vascular density was higher than in the corresponding endocrine parts of these grafts. Incubated adult islets released higher amounts of VEGF than fetal islets. In conclusion, the previously described low oxygen tension of syngeneically transplanted adult rat islets is related to a low vascular density. Similar low oxygen tension and vascular density are seen in grafted fetal islets. The amount of VEGF production does not correlate to the degree of revascularization of the grafts.
INTRODUCTION
fore initially avascular after transplantation. The revascularization process is generally thought to occur over a period of 7-14 days, with the islets to be fully revascu-The recently introduced Edmonton Protocol has markedly improved the outcome of clinical islet trans-larized before 1 month posttransplantation (1, (28) (29) (30) 35 ). However, we have previously recorded a markedly de-plantation (34, 37) . However, a large number of islets (>9000 IEQ/kg BW) are still needed to achieve insulin creased tissue oxygen tension in rat islets syngeneically transplanted to the kidney, liver, or spleen up to 9 months independence. Due to the limited availability of human islet tissue, this severely restricts the number of patients posttransplantation (5, 11) . Moreover, we have recently observed a decreased vascular density in syngeneically that may be treated with islet transplantation. Of huge importance is to optimize the condition and function of transplanted mouse islets investigated 1 month posttransplantation, irrespective of the implantation site (27) . the islet grafts in order to reduce the number of islets necessary to cure a diabetic recipient.
Whether this latter finding also applies to transplanted rat islets is at present unknown. Interestingly, the donor Endogenous pancreatic islets have a dense glomerular-like angioarchitecture, which ensures that no portion age may be important for the revascularization process of transplanted islets. Preliminary results have indicated of an islet is more than one cell away from arterial blood (2) . Moreover, the pancreatic islets have a blood perfu-that human islets from younger donors are better revascularized than islets from older donors, when transplanted sion almost as high as that of the renal cortex (i.e., 5-7 ml × min −1 × g −1 ) (8, 18, 25) . When islets are isolated and into the renal subcapsular space of nude mice (6).
The aim of the present study was to measure tissue cultured prior to transplantation, the islet endothelium dedifferentiates or degenerates (32) . The islets are there-oxygen tension and vascular density in adult and fetal 814 CARLSSON AND MATTSSON rat islets 1 month after transplantation into the renal sub-monitored by a thermocouple probe (CT D85, Ellab, Copenhagen, Denmark) throughout the course of the ex-capsular space, and compare with endogenous rat islets. Moreover, the oxygen tension and vascular density of periment. The left ureter was catheterized to avoid urinary stasis. The animals were then allowed to rest for the islet transplants were correlated to islet graft blood flow.
≥30 min to minimize the influence of surgical stress on the measurements. Oxygen tension was then measured MATERIALS AND METHODS in the islet graft and renal parenchyma as previously de-Animals scribed (10). Briefly, modified Clark microelectrodes (Unisense, Aarhus, Denmark) (33) were polarized at −0.8 V, Male inbred 3-4-month-old Wistar-Furth rats purwhich gave a linear response between the oxygen tenchased from M&B Research and Breeding Center (Ry, sion and the electrode current. The latter was measured Denmark) were used as donors of adult islets and as by a picoamperemeter (Univerity of Aarhus, Aarhus, recipients. Fetal islets for transplantation were obtained Denmark). Two-point calibration of the electrodes was from pregnant Wistar-Furth rats (M&B) at gestational performed in water saturated with Na 2 S 2 O 5 or saturated day 20. The animals had free access to water and pelwith air at 37°C, respectively. The electrodes were inleted rat food throughout the course of the study. All serted by the use of a micromanipulator under a stereoexperiments were approved by the local animal ethics microscope into the islet graft and adjacent renal parencommittee at Uppsala University.
chyma. In both the kidney and the islet graft ≥10 Islet Isolation and Transplantation measurements were performed. Recordings were taken both before and during an IV infusion of 30% (w/v) D-Pancreatic islets from fetal (day 20 of gestation) (15) glucose (0.1 g × kg −1 × min −1 ). The mean of all measureand adult rats (36) were prepared by collagenase digesments, in each tissue and animal, was calculated and tion and were cultured free-floating in groups of ϳ150 considered to be one experiment. Blood glucose concenislets for 4-6 days in RPMI-1640 medium supplemented trations were determined with test reagent strips (Mediwith 10% (v/v) fetal calf serum (Sigma Chemicals, St.
sense, Baxter Travenol, Deerfield, IL) from samples Louis, MO). After culture, 250 islets were packed in a obtained from the cut tip of the tail. braking pipette and implanted beneath the capsule of the For oxygen tension measurements in endogenous left kidney in 60 mg/kg IP pentobarbithal-anesthetized pancreatic islets, the pancreas was exposed, immobi-(Apoteket, Umeå, Sweden) rats. A small incision was lized, and its islets visualized in the same manner as made in the capsule, allowing the braking pipette to be previously described (7,8). Briefly, the abdomen was introduced. The pipette was then inserted 0.5-1 cm beopened by a midline incision, the pancreas immobilized tween the capsule structure and the kidney cortex before over a cylindrical plastic block attached to the operating the islets were gently ejected. table and superfused with mineral oil. Sterile-filtered Oxygen Tension Measurements neutral red [Kebo Grave, Stockholm, Sweden; 0.8 ml 2% (w/v) IV] was administered to selectively stain the One month after transplantation, the animals were anesthetized with thiobutabarbital sodium (Inactin, Re-islets within the pancreas (8). We have previously evaluated the use of neutral red without noticing any adverse search Biochemicals International, Natick, MA; 120 mg/kg body weight, IP) and placed on an operating table effects on islet function, blood flow, or oxygen tension in the intact pancreas (3,8). The animals were allowed maintained at body temperature (37°C) and tracheostomized. Polyethylene catheters were inserted into the to rest for ≥30 min to minimize the influence of neutral red and surgical stress on the recordings. In each animal, right femoral artery and the right femoral vein. The former catheter was connected to a blood pressure trans-measurements of oxygen tension were performed in 3-5 superficial pancreatic islets and in the surrounding exo-ducer (Statham P23dB, Statham Laboratories, Los Angeles, CA) to monitor blood pressure, whereas the latter cathe-crine parenchyma. Recordings were performed both before and during an IV infusion of D-glucose, as de-ter was used for continuous infusion (5 ml × kg −1 × h −1 ) of Ringer solution to compensate for body fluid loss. scribed above. Multiple measurements of oxygen tension were usually performed in an islet and the means For oxygen tension measurements in transplanted islets, the left kidney was exposed through a left subcostal for each islet calculated. The mean of the islet oxygen tension values in one animal was then considered as one flank incision and immobilized in a plastic cup attached to the operating table. The kidney was embedded in experiment in the subsequent statistical analysis. During the oxygen tension measurements, blood pressure, body pieces of cotton wool soaked in Ringer solution and its surface was covered with mineral oil (Apoteket) to pre-temperature, and tissue temperature were continuously recorded with a MacLab Instrument (AD Instruments, vent evaporation and keep the kidney moist and at body temperature. The temperature of the kidney surface was Hastings, UK) connected to a Power MacIntosh com-puter. At the end of each experiment, blood samples Ϸ850 points) were counted in each islet graft. The area of the investigated endogenous and grafted islets was were collected in microhematocrit tubes (Kebo Grave) for analysis of hematocrite and blood gases. Mean arte-determined by using a computerized system for morphometry (MOP-Videoplan; Carl Zeiss, Svenska, Stockholm, rial blood pressure <80 mmHg, pH <7.30, pO 2 <10 kPa, pCO 2 >6.8 kPa, or hcr <40 were used as exclusion crite-Sweden). Vascular density [i.e., the number of stained blood vessels found per measured islet or graft area ria, and led to the exclusion of two animals from the study.
(mm 2 )] was then calculated.
VEGF Production In Vitro Blood Flow Measurements
Triplicates of 40 fetal or adult islets were cultured as In conjunction with the oxygen tension measureabove. After 48 h of culture, the medium was retrieved ments, the blood perfusion of the islet graft and adjacent and analyzed for concentration of vascular endothelial renal cortex was measured by laser-Doppler flowmetry growth factor (VEGF) using a commercially available (Transonic BLF 21 Series, needle probe diameter 1.2 ELISA kit (R&D Systems, Minneapolis, MN). The islets mm; Transonic, Ithaca, NY). The flow probe was posiwere harvested and homogenized by sonication in 125 tioned perpendicular to the immobilized tissue surface µl of redistilled water. In the aliquots of the aqueous by the use of a micromanipulator, and care was taken homogenate the DNA content was measured by fluoronot to cause any compression of the tissue. In each aniphotometry (17) . mal, ≥3 measurements of the blood flow of the islet graft and the adjacent renal cortex were performed. The mean
Statistical Analysis of these measurements in each animal was calculated All values are given as means ± SEM. Probabilities and considered to be one experiment. Because it is diffiof chance differences between the experimental groups cult to calibrate the instrument in physical units of blood were calculated with analysis of variance (ANOVA; flow, all blood flow values are given as arbitrary tissue Statview, Abacus Concepts, Berkeley, CA) and the Bonperfusion units (TPU). Measurements of blood flow ferroni post hoc test. When only two groups were could not be performed in endogenous pancreatic islets compared, the probability of chance differences was caldue to their small size. Recordings of blood flow were culated using Student's unpaired t-test. For all compariperformed both before and during infusion of D-glucose sons, p < 0.05 was considered statistically significant. (cf. above).
RESULTS

Measurements of Vascular Density
Blood Glucose Concentrations, Arterial Blood The islet grafts, or pancreata from control animals, Pressure, and Hematocrit were removed following the oxygen tension and blood flow measurements, fixed in 10% (v/v) formaldehyde, All animals had a blood glucose concentration of 5-7 and embedded in paraffin. Consecutive sections (5 µm mmol/L. Intravenous infusion of D-glucose (0.1 g × kg −1 × thick) through the islet grafts were produced and stained min −1 ) increased their blood glucose concentration to with the lectin Bandeiraea simplicifolia (BS-1) as de-15-20 mmol/L. The mean arterial blood pressure was scribed in detail elsewhere (26) . The slides were coun-ϳ120 mmHg in all transplanted animals. In nontransterstained with hematoxylin. In each animal, ≥7 tissue planted animals, where measurements of pO 2 were persections from all parts of the pancreas or islet transplants formed in endogenous islets, the arterial blood pressure were randomly chosen and evaluated. The numbers of was due to a more extensive surgical preparation procestained blood vessels in endogenous and transplanted isdure slightly lower. The hematocrit values were similar lets were quantified by counting them in a light microin all animals (Table 1) . scope (magnification 600×). All capillaries were counted Tissue Oxygen Tension irrespective of whether they had a clear lumen or only were tangentially cut. In the islet grafts, connective tis-In endogenous pancreatic islets, the tissue pO 2 was ϳ40 mmHg (Fig. 1) . The tissue pO 2 in the transplanted sue surrounded the individual islets in the grafts. The number of blood vessels in the endocrine and connective islets was markedly lower. The recorded values did not differ between adult and fetal islet grafts. Administration tissue parts was therefore counted separately. The fraction of endocrine and connective tissue was determined of D-glucose affected neither the oxygen tension values in the endogenous nor in the transplanted islets. How-by a direct point-counting method (4, 39) . For this purpose the number of intersections overlapping connective ever, during hyperglycemia the tissue pO 2 was slightly higher in the fetal islet grafts than in the adult islet tissue stroma and endocrine cells within the islet grafts was counted at a magnification of 600× in a light micro-grafts. The tissue pO 2 in the exocrine pancreas parenchyma and the renal cortex was ϳ30 and ϳ20 mmHg, scope. Approximately seven fields (corresponding to vessels of all tissue samples stained with the lectin Bandeiraea simplicifolia (Fig. 3) . The vascular density was ϳ900 capillaries/mm 2 in the endogenous pancreatic islets (Fig. 4) . The number of capillaries found in the transplanted adult and fetal islets was markedly lower (Fig. 4) . Connective tissue constituted ϳ20% of all islet grafts (21.3 ± 5.2% and 20.8 ± 2.5% for adult and fetal islet grafts, respectively). In the connective tissue, the vascular density was higher than in the corresponding endocrine parts of these grafts (Fig. 4 ). There were no differences between adult and fetal islet grafts with regard to vascular density, and this held true both for the endocrine and connective tissue compartment (Fig. 4) . Adult islets released higher amounts of VEGF than fetal islets when incubated in vitro for 48 h [135 ± 15.5 (n = 7) vs. 66 ± 5.5 pg/ml × µg DNA (n = 6) for adult and fetal islets, respectively; p < 0.05]. Because of the use of entirely different techniques, it is difficult to compare our results on vascular density in transplanted islets to most other previous studies trying respectively (data not shown). These values were not to quantitate graft blood vessels (16, 29, 30 (16) only evalu-The blood perfusion of both adult and fetal islet grafts was 60-65% of that in the renal cortex (Fig. 2) . ated single islets implanted into the skinfold chamber. The number of capillaries in both the endogenous and Administration of D-glucose did not affect either the graft or renal cortical blood perfusion (Fig. 2 ). Blood transplanted rat islets was lower than those we have pre- viously recorded in mice (27) , suggesting some strain density nor islet graft blood perfusion differed between adult and fetal rat islets syngeneically transplanted to differences. However, similar to the findings in mice, a large number of blood vessels was found in the connec-adult recipients. The reason for the seemingly better revascularization of fetal pig islets is unclear. One differ-tive tissue surrounding the individual islets in the grafts. This does not seem to represent merely a foreign body ence is in the procedure for preparation of the fetal pig islets, which includes long-term culture of pancreas reaction, but a compensation for the low revascularization of the endocrine parts of the grafts (27) . fragments of midgestational age and formation of isletlike cell clusters (ICC) (23) . These ICC are much more The reason for the low revascularization of transplanted islets is obscure; a sort of barrier seems to exist immature than the fetal rat islets obtained at gestational day 20. Interestingly, the endocrine tissue constitutes for revascularization of the endocrine tissue. The presence of an extracellular matrix (e.g., collagen or fibro-only ϳ50% of the total graft volume in transplanted fetal pig ICC and the rest is connective tissue stroma (21) . nectin) within tissues has previously been shown important for angiogenesis to occur [for a review see (13) ].
In view of the preferential distribution of graft blood vessels to the connective tissue stroma, as observed in It could be speculated that the internal milieu of fully developed pancreatic islets, deficient in extracellular transplanted mouse and rat islets, the previously observed high blood perfusion of grafted ICC using laser-matrix (12), obstructs angiogenesis. During pancreatic islet development, the formation of a capillary network Doppler flowmetry (22, 35) may mainly reflect blood perfusion of the stroma. precedes, or at least occurs simultaneously with, the islet formation (24) .
Also, in the present study we used laser-Doppler flowmetry for measurements of islet graft blood perfu-Fetal pig islets have previously been used for studies of islet graft revascularization (20, 22, 35) . By such sion, and recorded a blood flow 60-65% of that in renal cortex in both the transplanted adult and fetal islets. means there is evidence to support a rapid revascularization, resulting in an islet graft blood flow higher than in However, although constituting only ϳ20% of the grafts, the connective tissue stroma contained the major-the renal cortex. This is somewhat at odds with our results for transplanted adult rodent islets (7,10, 11, 27, 31) . ity (ϳ60%) of graft blood vessels. The blood flow measurements may therefore predominantly have reflected It was therefore of interest to investigate revascularization, blood flow, and tissue oxygen tension of trans-the blood perfusion of the stroma. Indeed, in a previous study in this animal model, we measured graft blood planted fetal rat islets as well. However, neither vascular perfusion by means of a microsphere technique. There was a blood perfusion of the endocrine parts of the adult rat islet grafts that constituted only ϳ10% of that in endogenous islets and the renal cortex (7). A better revascularization of the endocrine parts of fetal pig ICC grafts than of the transplanted fetal and adult rat islet grafts investigated in the present study is, however, likely to occur, because corrosion casts of transplanted fetal pig ICC have suggested a vascular angioarchitecture similar to that of endogenous islets (20) . Some previous studies have indicated a better revascularization of transplanted islets when exposed to high amounts of VEGF (14, 38) . In order to evaluate the importance of islet VEGF production for revascularization, some of the pancreatic islets isolated from donor pancreata were also investigated for production of VEGF. Adult islets released twice the amount of VEGF to the medium when compared with fetal islets, which was not reflected in a better revascularization. Thus, a direct relationship between the amount of released VEGF and revascularization of the tissue does not seem to exist. The reason for the low VEGF production of fetal islets remains to be determined.
Although the vascular density in the transplanted islets was only ϳ10% of that in native islets, the oxygen tension was ϳ20%. This discrepancy may be explained by increased blood perfusion of each capillary. However, diffusion of oxygen from the vascular-rich connective tissue stroma into the islets, as well as increased oxygen extraction rate from the capillaries exerted by shifts in the hemoglobin-dissociation curve induced by lactate accumulation in the tissue, may also contribute. Indeed, we have recently recorded increased lactate/ pyruvate ratios in adult rat islets 1 month after transplantation beneath the renal capsule (9).
In contrast to previous findings on native islets (18) , no increase in graft blood flow was recorded after an IV glucose challenge. The increase in native islet blood flow following glucose administration is predominantly mediated through the vagal nerves (19). The present findings could therefore be explained by the fact that isolated islets are denervated when transplanted and it remains unknown if any functional reinnervation occurs. Moreover, the connective tissue stroma contained the majority of graft blood vessels and the blood flow measurements may therefore predominantly have reflected the blood perfusion of the stroma (cf. above). Despite similar blood perfusion, a slightly higher tissue oxygen In conclusion, the present study shows that the 
